The FeS solid lubricating coatings were prepared on the AISI 5140 steel by chemical bath deposition (CBD) coating technique at various temperatures from 30 to 90 • C. The influence of temperature on microstructure, microcracks, and tribological properties was characterized and studied by X-ray diffraction (XRD), scanning electron microscope (SEM), and energy dispersive spectrometry (EDS). The results show that the coating mainly consists of Fe x S y (FeS, FeS 2 , and Fe 1−x S), and has a chrysanthemum-shaped (CS) morphology composed of the FeS crystal petals. The CS particles nucleate at about 30 • C, rapidly grow and reach a peak thickness at about 50-70 • C, and finally disappear and are replaced by disordered thick petals at 90 • C. The wear resistance of the steel was improved obviously after introducing of FeS coatings, owing to that the coatings can provide better lubrication and improve the wear resistance.
Introduction
Gear transmission is one of the most important transmission methods in modern machinery because of its many attractive properties like high transmission efficiency, accurate and stable, high transmission power, and wide applicable speed range [1] [2] [3] . With the progress of technology and the development of gear transmission, the gear is developed toward high speed, heavy load, complex service environment, and high reliability [4] . The development of transmission systems has made gear materials to be upgraded in the direction of light weight, good wear resistance, good corrosion resistance, and economic efficiency [5] .
The primary failure mode of gears is wear, which is a gradual loss of surface materials because of the friction between the two contact gears [5, 6] . The friction on the gear surfaces greatly affects the power loss and service life of the transmission system [7] . Unfavorable working environment, such as poor lubricity, can lead to rapid failure of the gears, seriously undermining the reliability of the transmission system [8] . According to incomplete statistics, about 1/3~1/2 of primary energy is consumed by friction, and about 70% of equipment failures are related to the wear failure of gears [9] . Therefore, how to improve the gear service performance, reduce material loss and energy consumption, and avoid safety accident caused by friction and wear are of great significance.
Improving the wear resistance of gear materials mainly starts from two aspects: one is to improve the surface hardness of the gear material, and the other is to introduce a lubricating medium. For the
Materials and Methods
Commercial AISI 5140 steel with a chemical composition of Fe-0.40C-0.23Si-0.7Mn-0.8Cr-0.03Ni (wt%) was selected as the substrate material. The steel was cut into samples with a gauge dimension of 25 × 15 × 3 mm 3 . A facile CBD method was carried out for preparing the FeS coatings on the steel. The CBD was originally used to prepare thin films or nanomaterials [42] [43] [44] , and was recently used to deposit coatings [45] . The samples were sequentially ground, polished and ultrasonically cleaned, and finally immersed into a CBD solution bath. The solution formulation is as follows: 8.0 g Na 2 SO 3 , (≥97.0%), 2.5 g Na 2 S 2 O 3 ·5H 2 O (≥99.0%), 3 .0 g C 4 H 4 O 6 (≥99.5%), 1.5 g FeSO 4 ·7H 2 O (≥99.0%), and 100 mL de-ionized water.
In the bath, the steel substrate (anode) is oxidized and dissolved because of its low potential and the loss of electrons. The reaction formula is as follows:
Fe → Fe 2+ + 2e− For the cathode, the main chemical reaction is the decomposition reaction of S 2 O 3 2− . The reaction formula is as follows:
With the increase of S 2− and Fe 2+ in the metal surface accessories, the coating formation reaction occurs when [S 2− ] [Fe 2+ ] ≥ [FeS] . The reaction formula is as follows:
Finally, the FeS is deposited on the surface of the steel substrate. The CBD treatments were carried out for 1 h at 30, 40, 50, 70, and 90 • C (denoted as S30, S40, S50, etc., respectively). After the CBD treatment, the obtained black samples were rinsed with running water and ethyl alcohol to clean the residual solution. The samples were dried by air and then soaked in engine oil for 3 h at room temperature. Finally, the soaked samples were taken out and placed on the table for two days (atmospheric environment) to obtain an oil film on the sample surface, which brings the wear test conditions closer to the actual service environment.
Appl. Sci. 2019, 9, 4422 3 of 10 A field emission scanning electron microscope (FE-SEM, Zeiss ΣIGMA HDTM, Oberkochen, Germany) equipped with secondary electron imaging (SEI) and energy dispersive spectrometry (EDS) was utilized to characterize the microstructure and element distribution of the treated samples. X-ray diffraction technique (XRD, PANalytical Empyrean Series 2, Almelo, Nederlands) was employed to determine the phase components of the coatings. The wear property was determined by a reciprocating tribometer (MS-T3001, Lanzhou Huahui Instrument Technology Co., Ltd., Lanzhou, China) with the 5 mm diameter steel balls (AISI 52100) as friction pairs. The steel ball slides linearly back and forth on the sample surface. The testing parameters were as follows: Load 6.0 N, duration time 10 min, frequency 2.0 Hz, wear scar length 10 mm. At least two sets of data were tested for each sample to verify the repeatability of the test results. Figure 1 shows the XRD patterns of the substrate and coatings prepared at various temperatures. Phases were identified from the XRD pattern using the International Center for Diffraction Data (ICDD) database. It should be noted that since the coating thickness of the samples is too thin, the grazing-incident X-ray and asymmetric-Bragg diffraction was employed to test the phases. As can be seen, the coating in the S30 sample consists mainly of FeS and FeS 2 . When the temperature rises to 50 • C, the FeS intensity reaches a maximum and a new Fe 1−x S phase is produced. It is because that in the range of 50 to 70 • C, the evaporation of water in the chemical solution is accelerated, and the increase in the concentration of the solution causes the intensity of Fe x S y (FeS, FeS 2 , and Fe 1−x S) to rapidly increase. As the temperature increases to 90 • C, the density of Fe x S y decreases significantly. This is because that the moisture in the chemical solution evaporates sharply at high temperature and a large amount of solute precipitates to lower the concentration of the solution, resulting in a decrease in the reaction product of Fe x S y . Moreover, Fe 2 O 3 is identified in the S90 sample, indicating that the substrate has been oxidized at this temperature. From the XRD results, it can be concluded that the optimum chemical solution temperature is between 50 and 70 • C, since the coatings mainly consist of Fe x S y (FeS FeS 2 , and Fe 1−x S).
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Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 10 (atmospheric environment) to obtain an oil film on the sample surface, which brings the wear test conditions closer to the actual service environment. A field emission scanning electron microscope (FE-SEM, Zeiss ΣIGMA HDTM, Oberkochen, Germany) equipped with secondary electron imaging (SEI) and energy dispersive spectrometry (EDS) was utilized to characterize the microstructure and element distribution of the treated samples. X-ray diffraction technique (XRD, PANalytical Empyrean Series 2, Almelo, Nederlands) was employed to determine the phase components of the coatings. The wear property was determined by a reciprocating tribometer (MS-T3001, Lanzhou Huahui Instrument Technology Co., Ltd., Lanzhou, China) with the 5 mm diameter steel balls (AISI 52100) as friction pairs. The steel ball slides linearly back and forth on the sample surface. The testing parameters were as follows: Load 6.0 N, duration time 10 min, frequency 2.0 Hz, wear scar length 10 mm. At least two sets of data were tested for each sample to verify the repeatability of the test results. Figure 1 shows the XRD patterns of the substrate and coatings prepared at various temperatures. Phases were identified from the XRD pattern using the International Center for Diffraction Data (ICDD) database. It should be noted that since the coating thickness of the samples is too thin, the grazing-incident X-ray and asymmetric-Bragg diffraction was employed to test the phases. As can be seen, the coating in the S30 sample consists mainly of FeS and FeS2. When the temperature rises to 50 °C, the FeS intensity reaches a maximum and a new Fe1−xS phase is produced. It is because that in the range of 50 to 70 °C, the evaporation of water in the chemical solution is accelerated, and the increase in the concentration of the solution causes the intensity of FexSy (FeS, FeS2, and Fe1−xS) to rapidly increase. As the temperature increases to 90 °C, the density of FexSy decreases significantly. This is because that the moisture in the chemical solution evaporates sharply at high temperature and a large amount of solute precipitates to lower the concentration of the solution, resulting in a decrease in the reaction product of FexSy. Moreover, Fe2O3 is identified in the S90 sample, indicating that the substrate has been oxidized at this temperature. From the XRD results, it can be concluded that the optimum chemical solution temperature is between 50 and 70 °C, since the coatings mainly consist of FexSy (FeS FeS2, and Fe1−xS). Figure 2 presents the SEI images from the vertical and cross-sectional views of the samples prepared at various temperatures. Figure 2a shows the microstructure of the S30 sample. It can be seen that when the reaction temperature is 30 • C, the coating thickness is very thin (about 4 µm, see Figure 2f ), the surface morphology of the coating is similar to the dry riverbed covered with network-like cracks (see Figure 2a ), and the crystalline products do not cover the entire surface. When the temperature is increased to 40 • C, no significant increase in coating thickness is observed (see Figure 2g ), but a large amount of crystalline product having a chrysanthemum shape is found on the surface of the coating (see Figure 2b ). As the temperature rises to 50 • C, the coating is completely covered by CS particles (see Figures 2c and 3b ). The EDS line scanning results show that the sulfur content of the CS coating is higher compared to the substrate (see Figure 3a ). According to the EDS data analysis of points P1 and P2 (Figure 3c ), it is known that the atomic percentage of Fe and S of P1 and P2 is almost equal. Combined with the XRD results, it is considered that the chrysanthemum-shaped (CS) particle is the FeS and a complete sulfide layer has been formed on the substrate, because the ratio Fe/S (see P1 and P2 in Figure 3c ) on the treated substrate surface has been approaching to 1 [46] .
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When the temperature is increased to 40 °C, no significant increase in coating thickness is observed (see Figure 2g ), but a large amount of crystalline product having a chrysanthemum shape is found on the surface of the coating (see Figure 2b ). As the temperature rises to 50 °C, the coating is completely covered by CS particles (see Figures 2c and 3b ). The EDS line scanning results show that the sulfur content of the CS coating is higher compared to the substrate (see Figure 3a ). According to the EDS data analysis of points P1 and P2 (Figure 3c ), it is known that the atomic percentage of Fe and S of P1 and P2 is almost equal. Combined with the XRD results, it is considered that the chrysanthemum-shaped (CS) particle is the FeS and a complete sulfide layer has been formed on the substrate, because the ratio Fe/S (see P1 and P2 in Figure 3c ) on the treated substrate surface has been approaching to 1 [46] .
High magnified micrograph ( Figure 3b ) clearly shows that the CS particles are composed of FeS crystals (each crystal is equivalent to a chrysanthemum petal). Additionally, there are loose pores between the CS particles and between the petals, and microcracks are found on some of the petals. It is considered that the pores can store lubricating oil and form oil film easily on the friction surface, which is beneficial to the synergistic lubrication effect of the fluid (lubricating oil) and the solid (FeS coating) [47] . Additionally, no transition zone is found between the coating and substrate, indicating that the sulfur element does not penetrate deep into the steel substrate at this temperature. When the temperature increases to 50 °C, the CS particles grow up to an average diameter of 26 μm (see Figure  2c ) and the coating thickness increases to 24 μm (see Figure 2h ). When the temperature further increases to 70 °C, no significant changes in CS particle size and coating thickness are observed (see Figures 2d and j) . Interestingly, as the temperature rises to 90 °C, the CS particles disappear and are replaced by disordered thick petals (see Figure 2e ). Moreover, the average size of the petals of the S90 sample is much larger than the size of the petals of the other samples. When the temperature is increased to 40 °C, no significant increase in coating thickness is observed (see Figure 2g ), but a large amount of crystalline product having a chrysanthemum shape is found on the surface of the coating (see Figure 2b ). As the temperature rises to 50 °C, the coating is completely covered by CS particles (see Figures 2c and 3b ). The EDS line scanning results show that the sulfur content of the CS coating is higher compared to the substrate (see Figure 3a ). According to the EDS data analysis of points P1 and P2 (Figure 3c ), it is known that the atomic percentage of Fe and S of P1 and P2 is almost equal. Combined with the XRD results, it is considered that the chrysanthemum-shaped (CS) particle is the FeS and a complete sulfide layer has been formed on the substrate, because the ratio Fe/S (see P1 and P2 in Figure 3c ) on the treated substrate surface has been approaching to 1 [46] .
High magnified micrograph ( Figure 3b ) clearly shows that the CS particles are composed of FeS crystals (each crystal is equivalent to a chrysanthemum petal). Additionally, there are loose pores between the CS particles and between the petals, and microcracks are found on some of the petals. It is considered that the pores can store lubricating oil and form oil film easily on the friction surface, which is beneficial to the synergistic lubrication effect of the fluid (lubricating oil) and the solid (FeS coating) [47] . Additionally, no transition zone is found between the coating and substrate, indicating that the sulfur element does not penetrate deep into the steel substrate at this temperature. When the temperature increases to 50 °C, the CS particles grow up to an average diameter of 26 μm (see Figure  2c ) and the coating thickness increases to 24 μm (see Figure 2h ). When the temperature further increases to 70 °C, no significant changes in CS particle size and coating thickness are observed (see Figures 2d and j) . Interestingly, as the temperature rises to 90 °C, the CS particles disappear and are replaced by disordered thick petals (see Figure 2e ). Moreover, the average size of the petals of the S90 sample is much larger than the size of the petals of the other samples. High magnified micrograph (Figure 3b ) clearly shows that the CS particles are composed of FeS crystals (each crystal is equivalent to a chrysanthemum petal). Additionally, there are loose pores between the CS particles and between the petals, and microcracks are found on some of the petals. It is considered that the pores can store lubricating oil and form oil film easily on the friction surface, which is beneficial to the synergistic lubrication effect of the fluid (lubricating oil) and the solid (FeS coating) [47] . Additionally, no transition zone is found between the coating and substrate, indicating that the sulfur element does not penetrate deep into the steel substrate at this temperature. When the temperature increases to 50 • C, the CS particles grow up to an average diameter of 26 µm (see Figure 2c ) and the coating thickness increases to 24 µm (see Figure 2h ). When the temperature further increases to 70 • C, no significant changes in CS particle size and coating thickness are observed (see Figure 2d ,j). Interestingly, as the temperature rises to 90 • C, the CS particles disappear and are replaced by disordered thick petals (see Figure 2e ). Moreover, the average size of the petals of the S90 sample is much larger than the size of the petals of the other samples.
The coating thickness and the CS particle size (in diameter) are measured and shown in Figure 4 . For each sample, at least 10 SEM photographs (500×) were used to measure the average diameter. It should be noted that since no significant CS morphology was observed in the S90 sample, the CS particle size was not measured. As the CBD temperature increases, the thickness of the coating increases linearly and exhibits the highest growth rate at the temperatures above 70 • C. The CS particles are formed at 40 • C and grow rapidly with increasing temperature in 40-70 • C. The reason for this change can be attributed to the following two points: First, as the temperature increases, the ions in the sulfide solution are more active, resulting in an increase in reaction efficiency; and second, because of an increase in temperature, the water in the bath begins to evaporate and the concentration of the solution increases, which is more favorable for the reaction. The coating thickness and the CS particle size (in diameter) are measured and shown in Figure  4 . For each sample, at least 10 SEM photographs (500×) were used to measure the average diameter. It should be noted that since no significant CS morphology was observed in the S90 sample, the CS particle size was not measured. As the CBD temperature increases, the thickness of the coating increases linearly and exhibits the highest growth rate at the temperatures above 70 °C. The CS particles are formed at 40 °C and grow rapidly with increasing temperature in 40-70 °C. The reason for this change can be attributed to the following two points: First, as the temperature increases, the ions in the sulfide solution are more active, resulting in an increase in reaction efficiency; and second, because of an increase in temperature, the water in the bath begins to evaporate and the concentration of the solution increases, which is more favorable for the reaction. Figure 5 illustrates the microstructure evolution of the FeS coating with increasing temperature. At low temperatures, a very thin coating with many microcracks is formed on the surface of the substrate (Figures 5a,A) . As the temperature increases, the number of the microcracks increases greatly. Moreover, the CS particles begin to nucleate and grow up on the coating surface ( Figure 5b ). As the temperature increases further, the coating is completely covered by CS particles (Figure 5c ). At high temperature, the CS particles disappear and are replaced by disordered thick petals ( Figure  5d ). However, since the moisture in the bath solution evaporates rapidly at a high temperature, the coating peels off in a partial region. Figure 6 shows the wear scar morphology of various samples. It can be seen that the width of the wear scar increases for the coated samples as compared to the uncoated substrate. It is because Figure 5 illustrates the microstructure evolution of the FeS coating with increasing temperature. At low temperatures, a very thin coating with many microcracks is formed on the surface of the substrate (Figure 5a,A) . As the temperature increases, the number of the microcracks increases greatly. Moreover, the CS particles begin to nucleate and grow up on the coating surface ( Figure 5b ). As the temperature increases further, the coating is completely covered by CS particles (Figure 5c ). At high temperature, the CS particles disappear and are replaced by disordered thick petals (Figure 5d ). However, since the moisture in the bath solution evaporates rapidly at a high temperature, the coating peels off in a partial region.
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The coating thickness and the CS particle size (in diameter) are measured and shown in Figure  4 . For each sample, at least 10 SEM photographs (500×) were used to measure the average diameter. It should be noted that since no significant CS morphology was observed in the S90 sample, the CS particle size was not measured. As the CBD temperature increases, the thickness of the coating increases linearly and exhibits the highest growth rate at the temperatures above 70 °C. The CS particles are formed at 40 °C and grow rapidly with increasing temperature in 40-70 °C. The reason for this change can be attributed to the following two points: First, as the temperature increases, the ions in the sulfide solution are more active, resulting in an increase in reaction efficiency; and second, because of an increase in temperature, the water in the bath begins to evaporate and the concentration of the solution increases, which is more favorable for the reaction. Figure 5 illustrates the microstructure evolution of the FeS coating with increasing temperature. At low temperatures, a very thin coating with many microcracks is formed on the surface of the substrate (Figures 5a,A) . As the temperature increases, the number of the microcracks increases greatly. Moreover, the CS particles begin to nucleate and grow up on the coating surface ( Figure 5b ). As the temperature increases further, the coating is completely covered by CS particles (Figure 5c ). At high temperature, the CS particles disappear and are replaced by disordered thick petals ( Figure  5d ). However, since the moisture in the bath solution evaporates rapidly at a high temperature, the coating peels off in a partial region. Figure 6 shows the wear scar morphology of various samples. It can be seen that the width of the wear scar increases for the coated samples as compared to the uncoated substrate. It is because Figure 6 shows the wear scar morphology of various samples. It can be seen that the width of the wear scar increases for the coated samples as compared to the uncoated substrate. It is because that during the wear test, the soft FeS coating is first deformed, and the broken FeS particles adhere to the friction balls and the sample surface, thereby making the wear scars appear wider. As shown in Figure 6a , the wear scar on the surface of the uncoated sample is composed of adhesive wear products and a large number of furrows, indicating that the adhesive wear occurs primarily because of localized high temperature heat generated by friction. From Figure 6b -e, it can be seen clearly although the FeS coatings have been damaged into a discontinuous gray black block after wear test, there is no obvious scratch and adhesion phenomenon on the sample surface. Moreover, the wear scars of the S50 and S70 sample are narrower than that of the S30 and S40 samples, indicating better wear resistance. This is because that the thicker FeS coatings provide better lubrication during friction and wear testing, and improve the wear resistance. For the S90 sample, a large number of furrows and some large exfoliation pits are found on the wear scar (Figure 6f ), indicating a decrease in the wear resistance of the coating. It is because that although the S90 sample coating is the thickest, the coating has poor compactness and high surface roughness because of the existence of a large number of pits on the coating after the CBD treatment at 90 • C. It can be concluded that the FeS coating has excellent lubricity and its introduction can increase the wear resistance of the steel. The steel treated at low temperature has a thin coating, while the coating treated at high temperature has a poor density. In comparison, the steel treated at a medium temperature (about 50 • C in this study) has a moderate coating thickness and a coating density, corresponding to the best wear resistance.
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Conclusions
In this study, a FeS soft coating was prepared on the AISI 5140 steel by chemical bath deposition (CBD) coating technique at different temperatures from 30 to 90 °C in order to improve lubricity during friction. The influence of reaction temperature on microstructure, microcracks, and tribological properties was characterized and studied. The main conclusions are as follows:
1. The optimum CBD temperature is between 50 and 70 °C. Because the coating is mainly composed of the soft self-lubricating active ingredients FexSy (FeS, FeS2, and Fe1−xS) in this temperature range. When the temperature is lower than this temperature range, the FexSy content/thickness in the coating does not reach a peak, and above this temperature range oxidation occurs in the coating. 2. The FeS coating has a chrysanthemum-shaped (CS) morphology composed of the FeS crystals.
The CS particles nucleate at about 30 °C, rapidly grow and reach a peak thickness at about 50-70 °C, and finally disappear and are replaced by disordered thick petals at 90 °C. Additionally, in CBD treatment at high temperature (90 °C), the FeS coating peels off in a partial area because of the rapid evaporation of moisture from the chemical solution bath. 3. The wear resistance of the steel was improved obviously after CBD treatment, because of which the treated coatings can provide better lubrication and improve the wear resistance. The steel treated at a medium temperature (about 50 °C in this study) has a moderate coating thickness and a coating density, corresponding to the best wear resistance. 
In this study, a FeS soft coating was prepared on the AISI 5140 steel by chemical bath deposition (CBD) coating technique at different temperatures from 30 to 90 • C in order to improve lubricity during friction. The influence of reaction temperature on microstructure, microcracks, and tribological properties was characterized and studied. The main conclusions are as follows:
1.
The optimum CBD temperature is between 50 and 70 • C. Because the coating is mainly composed of the soft self-lubricating active ingredients FexSy (FeS, FeS2, and Fe 1−x S) in this temperature range. When the temperature is lower than this temperature range, the FexSy content/thickness in the coating does not reach a peak, and above this temperature range oxidation occurs in the coating.
2.
The FeS coating has a chrysanthemum-shaped (CS) morphology composed of the FeS crystals. The CS particles nucleate at about 30 • C, rapidly grow and reach a peak thickness at about 50-70 • C, and finally disappear and are replaced by disordered thick petals at 90 • C. Additionally, in CBD treatment at high temperature (90 • C), the FeS coating peels off in a partial area because of the rapid evaporation of moisture from the chemical solution bath.
3.
The wear resistance of the steel was improved obviously after CBD treatment, because of which the treated coatings can provide better lubrication and improve the wear resistance. The steel treated at a medium temperature (about 50 • C in this study) has a moderate coating thickness and a coating density, corresponding to the best wear resistance.
